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Intermediate band formation on silicon layers for solar cell applications was achieved by titanium
implantation and laser annealing. A two-layer heterogeneous system, formed by the implanted
layer and by the un-implanted substrate, was formed. In this work, we present for the first time
electrical characterization results which show that recombination is suppressed when the Ti
concentration is high enough to overcome the Mott limit, in agreement with the intermediate band
theory. Clear differences have been observed between samples implanted with doses under or over
the Mott limit. Samples implanted under the Mott limit have capacitance values much lower than
the un-implanted ones as corresponds to a highly doped semiconductor Schottky junction.
However, when the Mott limit is surpassed, the samples have much higher capacitance, revealing
that the intermediate band is formed. The capacitance increasing is due to the big amount of charge
trapped at the intermediate band, even at low temperatures. Ti deep levels have been measured by
admittance spectroscopy. These deep levels are located at energies which vary from 0.20 to
0.28 eV below the conduction band for implantation doses in the range 1013-1014 at./cm2. For doses
over the Mott limit, the implanted atoms become nonrecombinant. Capacitance voltage transient
technique measurements prove that the fabricated devices consist of two-layers, in which the
implanted layer and the substrate behave as an nþ/n junction. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4774241]
I. INTRODUCTION
The formation of an intermediate band (IB) in the mid
gap of a semiconductor has shown potential for drastically
improving the efficiency of single junction solar cells.1 This
approach enable electrons with energy lower than the semi-
conductor band gap to be pumped from the valence band
into conduction band via two-photon absorption of lower
energy that use this IB as a midway step. So, single junction
solar cells based on a semiconductor with an IB could reach
efficiency values well above the maximum theoretical effi-
ciency for single junction cells2 and also much higher than
those obtained on multijunction, multilayer solar cells.3 IB
solar cells can be created in a semiconductor from deep level
impurities if their concentration is high enough. Detection of
an IB in several semiconductors such as GaNAsP,4
ZnMnOTe,5 and GaInNAs,6 by using optical characterization
techniques has been reported.
Ti is a well-known impurity which introduces a deep do-
nor level in the upper half of the silicon band gap. For
instance, a level at 0.22 eV below the conduction band has
been detected by Hall effect experiments.7 However, deep
level transient spectroscopy studies pointed to a deeper posi-
tion of the level about 0.29 eV.8 It is suggested that Ti atoms
diffuse in Si through a simple interstitial process according
to electron paramagnetic resonance measurements.9 These
impurities are a well-known source of non-radiative Shock-
ley-Reed-Hall (SRH) recombination. However, it has been
argued that this recombination may be suppressed when the
Ti concentration is high enough as to exceed the Mott
transition (5 1019 cm3). At these high concentrations, a
continuous energy band is formed, instead of isolated single-
energy level impurities.10
It has been proved that the combination of different
processing techniques and the use of laser thermal process-
ing allow the introduction of Ti atoms into the Si lattice in
concentrations near or above the Mott limit, proving the pos-
sibility to form the IB in Si with this element.11
In a recent paper, Garcia-Hemme et al.12 have analyzed
the increase of the sheet conductance under spectral illumi-
nation in high dose Ti implanted Si samples subsequently
processed by pulsed-laser melting. Samples with Ti concen-
tration clearly above the insulator-metal transition limit
show a remarkably high sheet conductance, even higher than
that measured in a silicon reference sample. This increase in
the conductance magnitude is contrary to the classic under-
standing of recombination centers action and supports the
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lifetime recovery predicted for concentrations of deep levels
above the insulator-metal transition.
In this work, we use samples obtained in this way to prove
the formation of intermediate band on Si by means of electrical
characterization. Results obtained by capacitance measure-
ments, admittance spectroscopy, and capacitance-voltage tran-
sient technique (CVTT) show the existence of active Ti deep
levels and evidence the formation of the intermediate band.
II. SAMPLE FABRICATION
300 lm Si (111) n-type samples (l¼ 1450 cm2/Vs;
n¼ 2.2  1013 cm3 at room temperature) were implanted in
an ion beam service (IBS) refurbished VARIAN CF3000 Ion
Implanter at 32 KeV with Ti at high doses (1013, 1014, and
1016 cm2). Then, the implanted Si samples were annealed
by means of the pulsed laser melting (PLM) method to
recover the crystal lattice.12 The combination of two highly
non-equilibrium techniques (ion implantation and subse-
quent PLM treatment) allows us to build up a new class of
semiconductors that avoid equilibrium constraints.13 The
PLM annealing process was performed by J. P. Sercel Asso-
ciates Inc. (New Hampshire, USA). Samples were annealed
with one 20 ns long pulse of a KrF excimer laser (248 nm) at
energy density of 0.6–0.8 J/cm2. PLM is a highly non-
equilibrium processing technique which is able to melt and
recrystallize the Si surface up to about 100 nm deep in very
short times (108-106 s). This rapid recrystallization time
allows the incorporation of Ti atoms to the Si at concentra-
tions well above the solubility limit for this element. Also,
the PLM processing of the Ti implanted Si layer prevents
secondary phase formation (i.e., Ti silicide) even when the
equilibrium solubility limit has been greatly exceeded. Bot-
tom and top electrodes were fabricated by aluminum evapo-
ration. To obtain good ohmic contacts on the bottom, nþ
layer were fabricated on the back side of the samples (sub-
strate) by ion implantation of phosphorous in a dose of
1015 cm2 at energy of 80 keV. Afterwards, samples were
annealed at 900 C during 20 s. Schottky contacts were fabri-
cated in the top just by aluminum evaporation.
Table I summarizes the samples fabrication process.
Samples implanted at 1013 or 1014 cm2 doses have Ti pro-
files below the Mott limit at any depth. In contrast, sample
implanted at 1016 cm2 dose shows impurity concentrations
beyond the Mott limit up to a depth of 80 nm.
III. EXPERIMENTAL RESULTS
A. Capacitance–voltage measurements
Clear differences exist between the capacitance-voltage
behavior of samples implanted with doses under or beyond
the Mott limit. Figure 1 shows 10 kHz-capacitance-voltage
curves measured at low temperature (77K) for the three dif-
ferent implantation doses and a non-implanted substrate that
will act as reference. Samples implanted under the Mott limit
have capacitance values much lower than the non-implanted
one as corresponds to a metal-highly doped semiconductor
Schottky junction. However, samples implanted beyond the
Mott limit exhibit much higher capacitance values due to the
big amount of charge trapped at the intermediate band, even
at low temperatures.
As ion implantation dose increases, Si is more doped
yielding a lowering of the Schottky barrier. In consequence,
the capacitance value decreases. For doses beyond the Mott
limit, the Fermi level is pinned at the intermediate band, and
a new barrier appears between the implanted and non-
implanted regions, and the total capacitance increases up to
values much higher that for the non-implanted sample.
B. Admittance spectroscopy
Thermal admittance spectroscopy14 is a technique which
yields thermal emission rates of deep levels from the varia-
tions of capacitance and conductance of a p-n or Schottky
junction as a function of temperature and frequency. These
variations are due to the change in frequency of the meas-
uring signal with respect to the time constant of charge and
discharge processes of the deep levels. Measurements consist
of recording the capacitance and conductance variation of a
bipolar junction as a function of temperature at a given fre-
quency. Each deep level existing in the semiconductor band
gap contributes with a peak in the conductance signal and
with an inflection point in the capacitance signal. Figure 2
summarizes the results obtained for all the samples studied
in this work. We see that samples implanted under the Mott
limit (UM1 and UM2) show conductance peaks and capaci-
tance steps as correspond to the deep levels created by the
implanted Ti species, whereas non-implanted and over Mott
(OM) limit implanted samples do not exhibit any deep level
finger print. The fact that OM sample does not exhibit typical
deep level admittance spectra agrees with the IB theory,10
which predicts that deep levels become nonrecombinant
TABLE I. Samples description.
Sample Ti implanted dose (at./cm2) PL annealing
Witness None No
UM1 1013 (Under Mott limit) Yes
UM2 1014 (Under Mott limit) Yes
OM 1016 (Over Mott limit) Yes
FIG. 1. 10 kHz-capacitance-voltage curves measured at 77K.
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when IB band is formed. This is the first experimental evi-
dence confirming that recombination is suppressed when the
Ti concentration is high enough as to exceed the Mott limit.
In Fig. 2, we can see that the conductance peak ampli-
tude is the same for samples implanted at 1013 or 1014 cm2
dose. That suggests that the concentration of recombinant
deep levels reaches a saturation value. The remaining
implanted atoms have a no recombinant nature. This nature
becomes dominant when Mott transition occurs.
The conductance peak temperature is related to the deep
level emission rate by the well-known equation
enðTpeakÞ ¼ x 1:98;= (1)
where x is the angular frequency. The emission rate follows
an Arrhenius plot law, from which the energy location of the
Ti deep level can be obtained. Figures 3 and 4 show the
results obtained in this way for samples UM1 and UM2.
Although the deep level energy is in the range of those
elsewhere reported,7,8 it varies depending on the implanta-
tion doses. Deep levels are located at 205meV under the
conduction band for samples implanted at 1013 cm2,
whereas it reaches a deeper value (278meV) for samples
implanted at 1014 cm2. To summarize the admittance
results, we can say that recombinant Ti deep levels trend to
be located at deeper energy when the implantation dose
increases, but keeping constant its concentration.
FIG. 2. 30 kHz-capacitance (a) and conductance (b) curves as a function of
temperature. Reverse bias was 5V.
FIG. 3. Admittance spectroscopy results for a sample implanted at 1013 cm2:
(a) Conductance vs. temperature at reverse bias of 5V. (b) Arrhenius plot.
FIG. 4. Admittance spectroscopy results for a sample implanted at 1014 cm2:
(a) Conductance vs. temperature at reverse bias of 5V. (b) Arrhenius plot.
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In a previous work, Olea et al.15 proposed for OM sam-
ple an analytical two-layer model, in which the implanted
layer and the substrate behave as an IB/n-Si type junction.
They also deduce that the IB is located at 0.38 eV below the
conduction band and carriers at the IB behave as holes with
a mobility of 0.4–0.6 cm2 V1 s1. This deeper energy value
agrees with the trend of deep levels to reach deeper energies
as doses increase.
C. CVTT
Among the different techniques used to determine dop-
ing profiles in semiconductors, the C-V technique is one of
the most extensively used. The main advantage of C-V is to
be a non-destructive technique, just like photovoltage spec-
troscopy and unlike other techniques such as spreading-
resistance or Hall-effect based techniques. Moreover, C-V
technique has a greater sensitivity than other techniques. In a
previous work,16 we presented a technique based on C-V
measurements that allows one to obtain both the profiles and
emission activation energies for all deep centers present in
the junction. This technique, named the CVTT, consists of
recording the instantaneous C-V curve just after an emission
pulse is applied to the junction. The experimental set-up is
basically the same as for standard C-V but it shows some im-
portant differences. The reverse bias consists of pulses
whose duration is scanned in order to modify the time in
which the deep levels are emitting. The fall edge of these
pulses is non-abrupt but it is ramp like. The fall time of the
ramp is chosen to be very much lower than the emission
time constants of the deep levels. Thus, from the view point
of the emission process, the ramp can be considered as in-
stantaneous, with no emission taking place during it.
A simplified expression of CVTT can be obtained from
Ref. 16 for the case in which only one deep level exists in
the semiconductor:
dVR
dC
¼  qe0esA
2
C3
½NAðwÞ þ NTðwÞð1 eentemÞ ; (2)
where en is the deep level emission rate, VR is the reverse
voltage, C is the capacitance, w is the junction space charge
region thickness, and NA(w) and NT(w) are, respectively, the
densities of shallow impurities and deep levels at the limit of
the space charge region.
We obtained CVTT transients for UM1 and UM2 sam-
ples, but these transients did not appear for over Mott
implanted samples since implanted species become non
recombinant. Figure 5 illustrates CVTT transients for the
1014 at./cm2 implanted sample. Figures 5(a) and 5(b) corre-
spond to temperatures in the range where conductance peaks
occur. We can see that the amplitude of the capacitance tran-
sients increases as the duration of the emission pulse previ-
ous to the voltage ramp tends to zero. This is the usual
FIG. 5. 1 MHz-CVTT curves at several temperatures corresponding to a sample implanted at 1014 cm2.
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behavior for a typical deep level. However, at higher temper-
atures, the transients are very anomalous. At 240K, a peak
appears which moves towards more negative voltage as the
emission pulse duration increases. This fact is more pro-
nounced at room temperature (280K). That can be explained
in terms of the model proposed by Olea et al.15 There are
two types of charges: negative charge due to electrons at the
conduction band and positive charge due to holes at the in-
termediate band that begins to be formed in the under Mott
samples. In consequence, the implanted substrate shows a
hybrid behavior of n-type and p-type (due to IB) substrate at
the same time. However, that is not the case for samples
implanted under the Mott limit. For these, the implanted
layer is just a highly doped semiconductor with a high deep
level concentration. The entire device can be modeled as a
Schottky diode in series with a nþ/n homojunction (Fig. 6).
The Schottky diode is the one formed by the top metal and
the implanted semiconductor layer. The nþ/n junction is
formed by the highly doped n-type implanted layer and the
non-implanted substrate. When a negative voltage is applied
between top and bottom electrode, the Schottky diode is re-
versely biased and its capacitance, CS, decreases with volt-
age. In contrast, a forward voltage is applied to the nþ/n
junction and its capacitance, CJ, increases with voltage. The
measured capacitance results from the composition of the
two in series capacitances
C1M ¼ C1S þ C1J (3)
and its value is determined by the lowest of the two capaci-
tances. Then, CS is dominant for the most negative voltages,
whereas at low voltages, CM is determined by CJ. A maxi-
mum on the measured capacitance appears that indicates the
transition from the CS-dominated to the CJ-dominated re-
gime. In Figs. 5(c) and 5(d), we can see that the transition
peak varies with temperature and the emission pulse
duration, tem. At 240K, CS dominates for voltages over 2V
with a little tem dependency. At 280K, this dependency is
much more pronounced. That can be easily explained keep-
ing in mind that deep level emission is thermally activated.
As temperature increases, the emission rate of deep levels at
the implanted region quickly increases. For the same value
of tem, a bigger amount of emptied deep levels exists at
280K than at 240K. The emitted charge yields much higher
values of CS and shifts the transition peak to higher voltages.
At a given temperature, the longer the time while deep levels
are emitting, the greater the emitted charge and, i.e., the tran-
sition peak moves to higher voltages. Moreover, the total
voltage is differently shared between the two junctions:
when CS increases the voltage drop on the n
þ/n junction also
increases. That is the reason why in Figs. 5(c) and 5(d), the
experimental curves seem to move with the emission time
while preserving the same shape at the right side of the tran-
sition peak. That is an artifact due to the increase of the volt-
age drop on the pseudo p-n junction when emission time
increases. To understand this argument, let us see Figure 5 in
detail. At low emission times and low temperatures, titanium
deep centers have not emitted electrons and remain neutral.
Therefore, the impurity concentration in the implanted area
(union Schottky) is practically equal to the existing in the
non-implanted substrate and the device behaves like a nor-
mal Schootky junction (Figures 5(a) and 5(b)). At high tem-
peratures and high emission times, the deep centers are
completely ionized and, then, the density of donor impurities
(NTi
þ þ NDþ) increases is far superior than the existing in
the not implanted substrate, and the device will behave as a
reverse junction (Schottky) with a much higher capacitance
than the directly biased nþ-n. That is the case of the curve at
5ms on Figure 5(d). The result is an increasing C-V. At in-
termediate temperatures and emission times, mixed behavior
takes place.
It is important to emphasize that his behavior does not
appear for samples implanted over the Mott limit. In fact,
samples over the Mott limit show CV curves in which the ca-
pacitance does not vary with voltage. The character metallic
of the implanted layer makes the device to be like a passive
capacitor, as can be seen in Figure 7.
FIG. 7. Capacitance-voltage curves at several temperatures for an over-Mott
implanted sample.FIG. 6. Circuit model for the under-Mott implanted samples.
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IV. CONCLUSIONS
Intermediate band on silicon layers for solar cell appli-
cations was achieved by titanium implantation and laser
annealing. A two-layer heterogeneous system, formed by the
implanted layer and by the un-implanted substrate, was
obtained. C-V measurements show clear differences between
samples implanted with doses under or beyond the Mott
limit.
Admittance spectroscopy results evidence that when Ti
implantation overcomes the Mott limit, the deep centers do
not show conductance peaks. This is the first experimental
evidence confirming that recombination is suppressed when
the Ti concentration is high enough as to exceed the Mott
limit. Conductance peak amplitude is the same for samples
implanted at 1013 or 1014 cm2 dose. That suggests that the
concentration of recombinant deep levels reaches a satura-
tion value. The remaining implanted atoms have a no
recombinant nature. This nature is dominant when Mott tran-
sition occurs. Deep levels are located at 205meV under the
conduction band for samples implanted at 1013 cm2, whereas
it reaches a deeper value (278meV) for the 1014 at./cm2
implantation dose.
CVTT transients are not obtained for samples beyond
the Mott limit. CVTT measurements on samples under the
Mott limit show a peculiar behavior which allows these devi-
ces to be modeled as a Schottky junction in series with an
nþ/n homojunction.
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